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Introduction 18
The advent of mouse models of amyloidopathy has provided researchers with an incredibly powerful 24 tool for studying the functional and behavioural abnormalities associated with an increased Aβ load 25 in the CNS (McGowan et al., 2006; Randall et al., 2010) . These transgenic models typically express 26 causal genetic mutations associated with familial AD, resulting in overproduction of pathological forms 27 of Aβ. One such model which is widely used to model amyloid pathology is J20 (PDGF-APPSw,Ind) mice 28 (Mucke et al., 2000) . This transgenic line overexpresses human amyloid precursor protein (APP) with 29 two mutations (Swedish and Indiana) under the platelet-derived growth factor (PDGF) promotor, 30 resulting in increased Aβ production throughout the CNS. 
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In order to compare passive membrane properties between Re neurons recorded from WT and TG 137 mice, a 500 ms, 30 pA hyperpolarising current pulse was passed across the neuronal membrane. For 138 such assessments recordings were made from a set pre-stimulus membrane potential of -80 mV, 139 achieved using a steady state bias current injection. This was to prevent the cell to cell variability in 140 resting membrane potential from introducing variability in intrinsic properties which, as in all neurons, 141 express some degree of voltage-dependence. There were no statistically significant differences 142 observed when comparing the passive properties between WT and TG Re neurons. These cells exhibitno Ih mediated sag (Walsh et To compare the excitability of Re neurons between WT and TG mice, a series of incremental 156 depolarising current injections were made ranging in amplitude from 15 to 90 pA. These were also 157 applied at a fixed pre-stimulus membrane potential of -80 mV. A sample trace showing the response 158 to a 90 pA current injection is displayed in Figure 3A . The mean number of APs and the latency to the 159 first AP produced in response to the series of current injections were used to quantify excitability. The 160 mean number of APs elicited, calculated for each population by dividing the sum of APs (including zero 161 spike sweeps) produced by population cell count, was not affected by transgene expression (Fig 3B,  162 WT, n = 38; TG, n = 47; F = 0.55, p = 0.46, 2 way RM-ANOVA). Latency to the first AP was measured in 163 response to the four largest current injections (45 -90 pA), as each resulted in at least one AP in the 164 vast majority of Re neurons in both WT (97%) and TG (95%) mice. Latency was calculated as time taken8 from the initiation of the depolarising current stimulus to the peak of the first AP. The latency to the 166 first AP was ~32% shorter in Re neurons recorded from J20 mice (Fig 3C, WT n = 37; TG, n = 45; F = 167 6.37, p = 0.02, 2 way RM-ANOVA). From more depolarised membrane potentials, a sizeable proportion 168 of Re neurons display rebound firing following a 500 ms hyperpolarising current injection. This appears 169 to result largely from the de-inactivation of T-type Ca 2+ channels afforded by hyperpolarization (Walsh 170 et al., 2017) . To assess whether the propensity for rebound firing was genotype-associated expression, 171 a 500 ms, 30 pA hyperpolarising current injection was injected from a set pre-stimulus potential of -172 72 mV (Fig 3D) , which sits between the overall average resting membrane potential and the mean 173 resting potential of the subgroup of cells that did not exhibit spontaneous firing. TG neurons had a 174 higher propensity to rebound fire than WT neurons (Fig 3E, WT, 39% ; TG, 64%; p = 0.03, Chi-squared 175 test). For the cells which exhibited such hyperpolarization induced firing, rebound latency, defined as 176 the time taken from the cessation of the current stimulus to the peak of the first rebound spike, was 177 also calculated. This was significantly shorter in TG (median 112.5 ms) as compared to WT (median 178 147.4 ms) neurons (Fig 5.3D , WT, n = 15; TG, n = 27; p = 0.02, Mann-Whitney U test). 179 where the amplitude of the ADP was not sufficiently large to elicit an AP was defined as exhibiting a 211 sub-threshold ADP, while if the ADP was of a great enough amplitude to cross AP threshold it was 212 defined as supra-threshold. The proportion of neurons exhibiting supra-threshold, sub-threshold, or 213 no quantifiable ADP was similar between WT and TG Re neurons (Fig 5A, p = 0 .68, Chi-squared test). 214
Direct quantification of ADP amplitude was restricted to neurons displaying sub-threshold ADPs, aspopulation. An average trace of the Vm in response to the depolarising current injection in neurons 217 displaying a sub-threshold ADP is displayed in Figure 5B . ADP amplitude did not significantly differ 218 between WT (mean 11.9 ± 2.0 mV) and TG (mean 13.0 ± 1.7 mV) mice (Fig 5C, WT , n = 12; TG, n = 18; 219 p = 0.67, unpaired, two tailed students t-test). 220
In order to confirm that the activity of T-type calcium channels was unaltered in J20 mice, we carried 221 out a series of voltage-clamp recordings using a CsMeSO4 based internal solution to directly measure 222 the amplitude and voltage-gated kinetics of the low threshold Ca 2+ current directly. A series of voltage 223 steps was applied, ranging from -68 to -40 mV, from a holding potential of -78 mV (see Figure 5D ). In 224 response to sufficiently large voltage steps an additional inward current was observed which was 225 evidently larger and displayed longer activation and inactivation kinetics than the inactivating T-type 226 channel currents (Walsh et al., 2017) . These likely arise from the initial activation of a large HVA Ca where HVA Ca 2+ current activation was minimal. 230
The steady state inactivation profile of the channel was studied using a depolarising voltage step to -231 58 mV from a pre-step potential incrementally increasing from -98 mV to -59 mV. A representative 232 recording of the evoked currents is displayed in Figure 5E . Average I/V plots of maximal inward current 233 and inactivation curves are displayed in Figure 5F . Visual examination of the curves indicated that 234 there is no clear hyperpolarising or depolarising shift in either plot. In light of the data presented in 235 from the first spike generated in response to the 90 pA, 500 ms current injection from a pre-stimulus 247 potential of -80 mV (see Fig 3A) . The average peak aligned AP waveform is for WT and TG neurons is 248 displayed in Figure 6A , with corresponding phase plot shown in Figure 6D . AP peak was measured as 249 the absolute zenith of the action potential waveform. There was no difference in the AP peak between 250 WT (mean 18.4 ± 1.3 mV) and TG (mean 17.2 ± 1.1 mV) mice (Fig 6B, WT, n = 38 ; TG, n = 47; p = 0.49, 251 unpaired, two tailed Student's t-test). AP half-width was measured as AP width at half height of the 252 AP, where height was defined as the voltage difference between AP peak and AP threshold. AP width 253 was approximately 8% shorter in Re neurons recorded from TG mice (Fig 6C, WT, indicates that Re neurons appear to differ in significant ways from the much more widely studied relay 283 neurons within sensory aspects of the thalamus. For example, they have a higher input resistance and 284 seem to entirely lack HCN channels and a resulting "sag" potential they generate. Although a start has 285 been made, a comprehensive understanding of the ionic conductances that shape various aspects of 286 the neurophysiology of Re neurons is lacking. Analysis of the channelome in a single cell-level RNA 287 sequencing analysis would be instructive in this regard, and an additional comparative dataset from 288 age-matched J20 mice may help shed light on the neurophysiological outcomes outlined here. 289
However, in the absence of these molecular and associated electrophysiological data, this study 290 confines itself to providing a first descriptive account of intrinsic alterations to Re neurons in J20 mice. 291
Increased propensity of Re neurons to burst fire 292
Potentially the most impactful finding of this study is the finding that Re neurons in J20 mice may 293 display enhanced burst firing in vivo in response to both depolarising and hyperpolarising stimuli. As 294 previously described (Walsh et al., 2017) , most Re neurons in adult brain slices typically display a 295 relatively depolarised Vm and consequent propensity to tonically fire spontaneous APS in the theta 296 frequency range. Similarly to typical thalamic relay nuclei, the membrane potential of Re neurons 297 dictates whether they display tonic or burst firing when depolarised. At more hyperpolarised resting 298 potentials, T-type calcium channels are available to activate in response to sufficient depolarisation 299 resulting in a high-frequency burst of action potentials, which can be as fast as 300 Hz. Conversely, at 300 more depolarised resting potentials, T-type calcium channels reside in inactivated states resulting in 301 relatively low frequency tonic firing in response to depolarising stimuli. In J20 mice, a greater 302 proportion of Re neurons exhibited a hyperpolarised membrane potential than WT controls and 303 consequently, the proportion of Re neurons predisposed to high frequency burst firing (=< -80 mV) is 304 greater in the disease model. Cs + ) where GABAB receptors would be blocked (Xu & Südhof, 2013) . In our recordings from cells at 319 physiological temperature, using K + -containing pipette solutions, Re neurones exhibit spontaneous 320
GABAergic iPSCs at approximately 10 Hz in the absence of TTX. Indeed, the impact of inhibitory 321 synaptic drive is exemplified by significant relationship between chloride equilibrium potential and 322 the resting potential of Re neurons (DW and AR, unpublished observations). Furthermore, a 323 manipulation (local virally-mediated Neuroligin 2 knockdown) that reduces GABAergic drive to Re has 324 significant behavioural outcomes (Xu and Sudhof, 2013) . We are unaware of any direct 325 neurophysiological demonstration of GABAB-mediated IPSPs in Re neurons, although our data (Figure  326 4) indicate the required coupling of GABAB receptors to K + channels appears to be present. It would 327 be interesting to develop a method to evoke monosynaptic IPSPs in Re neurons in slices, perhaps using 328 an optogenetic strategy. 329
A number of lines of evidence support the assertion that the output mode (tonic vs burst firing) of Re 330 neurons can profoundly influence both hippocampal and cortical activity. Burst firing in thalamic relay 331 nuclei in response to hyperpolarising current is associated with both thalama-cortical delta 332 oscillations, commonly seen during slow wave sleep, and spike and wave discharges (SWDs) observed 333 during absence seizures. Notably increasing the power of Re delta oscillations by infusion of NMDA 334 antagonist ketamine can impose delta oscillations onto the hippocampus. Similarly direct optogenetic 335 activation of Re at delta frequency can impose an increase in delta power upon the HPC, resulting in 336 cognitive deficits (Duan et al., 2015) . Meanwhile in a mouse model of atypical absence epilepsy in 337 which GABAB receptors are overexpressed post-natally, the emergence of SWDs within a cortico-338 thalamo-hippocampal circuit and associated cognitive deficits are dependant of the activity of GABAB 339 receptors in the midline thalamus (including Re) (Hosford et al., 1995; Wang et al., 2009) . 340
Recently, a study which focused on the contribution of the thalmo-cortical system to seizure activity 341 in J20 mice identified a 3-4 fold increase in spontaneous Re activity. Since both cognitive deficits and 342 non-convulsive seizures (with associated SWDs) are reliable phenotypes reported in J20 mice, this 343 present study raises the intriguing possibility that it is an increase in the propensity of Re neurons to 344 burst fire that plays a causal role in the memory impairments and seizure activity seen in J20 mice. spike occurring at all for near threshold synaptic events, whereas for more robust excitatory inputs 366 spike timing could be altered. Certainly whether spike timing or gross spike rate represent the 367 fundamental unit of neural computation in the CNS is still the subject of debate within the 368 neuroscientific community (London et al., 2010; Bruno, 2011; Brette, 2015) . 369
The more immediate question to our eyes is whether alterations to the excitability profile of Re 370 neurons contribute to the increased risk of seizure activity commonly observed following prolonged 371 exposure to increased Aβ load in both mouse and human. A primary motivation in the study of 372 neuronal excitability in mouse models of AD, certainly within our lab, has been to try and link 373 alterations at a neuronal level to hyperexcitability observed in hippocampal and cortical networks. 
Limitations of in vitro recordings 407
Recordings made in brain slices are both high-throughput and convenient when compared to 408 comparable in vivo alternatives. As such, we feel that this preparation is perfectly suited to this initial 409 characterisation of alterations to Re intrinsic neurophysiological properties in a mouse model of 410 dementia. However caution should be taken before extrapolating results viewed in vitro, where many 411 inter-region connections are severed, to expected activity within an intact functioning neuronal 412 network. This is especially true in thalamic neurons whose Vm (and associated functional output) is 413 highly malleable in the face of excitatory and inhibitory modulatory input (Sherman & Guillery, 2006) . 414
For example, recent evidence suggests activation of mPFC-Re connections modulates burst firing in 415
Re (Zimmerman & Grace, 2018 ). An important next step will be identifying which of the changes 416 presented in this work are also evident in vivo. Importantly, doing so would allow these alterations to 417 be correlated directly with behavioural deficits. In vivo, comparable alterations would likely have 418 functional consequences within cognitive networks as an ever building literature suggests that the 419 activity of Re can profoundly influence both hippocampal and cortical activity (Hosford et al., 1995; 420 Drexel et al., 2011; Zhang et al., 2012; Duan et al., 2015) . 421
